Introduction
Micromachining techniques and MEMS ͑Micro-ElectroMechanical-Systems͒ technology have opened a number of opportunities for researchers in various fields. Micro-sensors, microactuators, and IC control circuits could all be integrated in a small area using batch-fabrication techniques. MEMS has been an enabling technology in various fields, revolutionizing existing fabrication techniques. The applications of MEMS technologies, for instance in the research of the drug discovery process in the pharmaceutical industry, or in analytical chemistry, are not only increasing the performance of the conventional analytical methods and helping our understanding of the analytical process but, much more important, it allows totally new access to information on the molecular level. A micro total analysis system ͑-TAS͒, which executes sampling, sample transportation, reaction, separation, and detection, can be realized by using microfabrication techniques ͓1-3͔.
In the past few years, microfabrication of miniature fluidic devices has attracted considerable interest in the field generally known as microfluids ͓4-5͔. Miniaturization of the fluidic system has potential benefits including disposability, reduced size, improved performance, low cost, reduced sample and reagent volume, and reduced power consumption. Furthermore, the integration of the microfluidic system and detection circuitry can improve reliability and functionality. The present study will present an important microfluidic device-a micro flow cytometer. Special attention will be focused on the hydrodynamic focusing phenomenon inside the device.
Flow cytometers have been widely used for cell sorting and counting for researchers working in the field of medical diagnosis ͓6-7͔. Figure 1 shows a schematic diagram of a conventional flow cytometer. Typically, the particles are injected into an electrolyte and hydrodynamically focused into a single cell stream constrained by two concentric sheath flows. Subsequently, the focused cell stream is then passed through a detection region ͑opti-cal or electrical detection͒ for cell counting or sorting. Several micro-chip flow cytometers using different substrates have been reported previously. Miyake et al. ͓8͔ reported a five-layer stainless steel/glass laminate sheath flow chamber. Hydrodynamic focusing was demonstrated by microscopic visualization of a water sheath and dye-containing sample. Similarly, Sobek et al. ͓9͔ demonstrated that microfabricated flow cytometry could be constructed on the quartz wafers, which utilized the principle of hydrodynamic sheath flow focusing in a manner similar to that used in conventional flow cytometers. Later, Larsen et al. ͓10͔ presented a micro particle counter based on Coulter principle and sheath flows. The cell counter was fabricated on silicon substrates using standard IC ͑Integrated Circuit͒ fabrication and anodic bonding techniques. Hydrodynamic focusing has been observed successfully during their experiments. Using similar concepts, Koch et al. ͓11͔ reported another micro-chip cell counting device. A novel technology based on silicon trench etching and subsequent deposition of metal electrodes over the trench edges has been applied for built-in electrode access.
Most of the microfabricated cytometers apply sheath flows for hydrodynamic focusing of the center flow. However, non-sheathflow-based cell-counting device, which only uses a single flow channel etched into a silicon wafer, has also been reported previously. The ability for carrying out differential blood cell counts has been demonstrated by Altendorf et al. ͓12͔ . Even though micromachined flow cytometers have been demonstrated in the lit-erature, systematic investigation of the flow field inside the microfluidic device has not yet been reported, including theoretical and numerical analysis. The effect of the device geometry on the hydrodynamic focusing of the center flow has not been explored, neither. Furthermore, the relative sheath and sample flow rate plays an important role on the width of the focused cell stream. Besides, it is also crucial to fabricate a flow cytometer inside a small area such that the cost of microfabrication can be reduced. Consequently, the length of which the width of the focused stream reaches a cell size becomes a critical design parameter. The present study is therefore aimed at exploring the technique for achieving the focused flows, referred to as ''hydrodynamic focusing,'' inside a flow cytometer.
In order to mass-fabricate cheap, disposable microfluidic chips, a novel hot embossing method to duplicate microfluidic channels on plastic ͑Polymethylmethacrylate, PMMA͒ substrates has been developed ͓13͔. Microfluidic devices can be fabricated with ease at low cost using this method. In addition, reliable bonding methods for PMMA plates have also been developed to seal the microfluidic devices. In the present study, these micromachining techniques have been applied to fabricate a micro flow cytometer for cell sorting and counting. Microfluidic devices have very smooth and reproducible features using the developed techniques. Details including design, fabrication, characterization, as well as operation of the micromachined flow cytometer, will be discussed in the following sections.
Design and Fabrication of Micro Flow Cytometry
Figure 2 represents a simplified micro flow cytometer. It is composed of three channels. The cell samples are injected from the center channel and focused hydrodynamically into a single cell stream constrained by flows from two sheath channels. The profile of the convergent part could be critical to the nozzle design. A smooth profile is applied to avoid potential loss of flow energy. The geometry of the inner and outer nozzles described by the following equations ͓14͔.
where r and l are radial and axial coordinates, respectively ͑Fig. 2͒. Figure 3 shows a schematic representation of a simplified fabrication process for flow cytometers. A commercial blank photo mask substrate ͑Nanofilm, Inc.͒ consisting of three layers ͑1Ϫm photoresist, 1-m Cr, and 2.3-mm quartz, respectively͒ was used as a master template on which microfluidic devices were fabricated. Microfluidic devices on the quartz substrate were formed by using wet etching ͑Buffered oxide etchant, BOE, 6:1͒ with Cr as etch masks. BOE was chosen due to the act that the fabricated micro structure has a smoother appearance than hydrofluoric acid ͑HF͒ etching. Quartz was etched in all areas except the masked area, and the resulting structure was inverse raised threedimensional image of the channels. The micromachined quartz templates can then be used repeatedly to fabricate cheap and disposable plastic devices.
The microfluid devices were then imprinted on plastic blanks by placing quartz templates with inverse raised image on top of a PMMA blank. During the fabrication process, a hot embossing machine was used to apply uniform and reproducible pressure (Ͼ1.25ϫ10 5 N/m 2 ͒ on the templates ͑Fig. 4͒. During the compression process, both PMMA and quartz template were heated above transition temperature ͑105°C͒ of the plastics for at least 10 minutes. Experimental data showed that hot embossing was an effective method to duplicate microfluidic devices on plastic substrates. The resulting structure shown in Fig. 5 was then clamped with another blank PMMA cover plate to form the sealed channels. The PMMA devices were heated at a higher temperature ͑108°C͒ for at least 12 minutes for bonding. Prior to bonding, four through holes ͑800 m in diameter͒ were drilled on the cover plate as flow inlets and outlets. These holes were aligned under microscope with the ends of the channels. The good sealing of micro channels were observed. In the present study, the hotembossing method was applied to fabricate a micro flow cytometer ͑Fig. 5͒. The reproducibility of the microfabricated flow cytometers using hot embossing methods was evaluated by measuring 10 channels on different plastics. The channels were characterized on the basis of the depth of the channels, as well as the width of the channels at the surface of the plastic. The cross-sectional geometry of the channels was obtained from surface profilometer ͑alpha-step 500͒ and the results are shown in Fig. 6 . It should be noted that 10 sets of data, along with that for a quartz template, have been plotted on the same figure. It can be clearly seen that the surface profile of the channel on PMMA plates corresponds well to that on the quartz template. The average depth of the channels is 38.12 m and the relative standard deviation is less than 1%. The average with at the top of the surface is 102.9 m, with a relative standard deviation of 2.17%. These data show that hot embossing is an effective method to duplicate microfluidic devices on plastic substrates.
Theoretical Model
The objective of the section is to propose a theoretical model to predict the width of focused center flow inside a micro flow cytometer. Kachel et al. reviewed hydrodynamic properties of conventional flow cytometry instruments using potential flow theory ͓15͔. Consider an area in the reservoir ͑A͒ that is located a distance ͑s͒ from the inlet to the tube of radius ͑R͒ ͑Fig. 7͒. Assum- Transactions of the ASME ing fluid passes through with the same velocity at each cross section, conservation of mass assures the following equation:
where V A and are velocities at point A and inlet of the tube, respectively. The above equation is the principle of ''hydrodynamic focusing'' which is used in most flow cytometric instruments. The area ͑A͒ represents the cross-sectional area of an injection tube containing cells in our case. These cells would be focused into a small stream cross the area ͑a͒ where detection of cells would be performed. Using the similar concept, one can derive the equation for flow inside a planar micromachined flow cytometer. In Fig. 8 consider the two-dimensional situation where sample flow is from a larger inner nozzle into a small focused cell stream. Likewise, conservation of mass requires that the amount of fluid crossing the center channel must equal the amount of fluid crossing the focused stream. It follows that
where D 2 , d, 2 , 2 are width of the center channel before focusing, width of the focused stream, velocities inside center channel and focused stream, respectively. The flow inside the micro cytometer is considered to be laminar, and the diffusion and mixing between focused stream and sheath flows is assumed negligible. With the above assumption, conservation of mass assures the following equations.
where ṁ in and ṁ out are mass flow rates of the inlet and outlet flows; D 1 and D 3 are width of the inlet channels 1 and 3, respectively; 1 , 2 , and 3 are velocities in sections 1, 2, and 3; a is average velocity inside outlet section D a . Assuming that it is a fully-developed laminar flow inside the outlet channel, velocity profile inside the section D a is parabolic-distributed. It follows that
where c is the velocity at the center line of the channel. Therefore, the width of the focused center stream can be represented as
The above equation is used to predict the width of the focused stream inside the flow cytometer. It indicates that the width of the focused stream is inversely proportional to the relative sheath and sample flow rate and proportional to volumetric flow rate of the sample flow. The results calculated from the above simple model have also been compared with numerical simulation and experimental data, which will be discussed in the following sections. The above equation provides a simple guideline to predict the width of the focused stream. It should be also noted that Eq. ͑11͒ does not provide any information regarding the effect of device geometry ͑such as relative location of the inner and outer nozzles͒ on the width of the focused stream. The numerical simulation method will be used to explore the geometry effect in the next section.
Numerical Simulation
The schematic diagram of the physical model for the micro flow cytometer is shown in Fig. 8 . The following assumptions are made to simplify the mathematics without losing the essential physics:
1 The flow is Newtonian, steady, laminar, and incompressible. 2 Only two-dimensional flow is considered in the present study. 3 Neglect gravity force. 4 Nonslip condition applies on the solid boundary. 5 Isothermal distribution in temperature field is assumed.
Governing equations.
͑a͒ Continuity equation
where and u j are density and velocity vector, respectively. ͑b͒ Momentum equation where p and i j are pressure and stress tensor, respectively. The Navier-Stokes equations along with appropriate boundary conditions are solved numerically using finite volume method with SIMPLEC ͑Semi-Implicit Method for Pressure-Linked Equations Consistent͒ algorithm ͓16͔. Supplementary numerical calculations performed on grids ranging from 90ϫ36 to 160ϫ80 suggest that satisfactory grid independence could be achieved using a 150ϫ60 grid. Table 1 lists all geometric parameters for the flow cytometers. The following sections will discuss the numerical results.
Geometry of Outer Nozzles. Three types of outer nozzles have been chosen to evaluate the effect of geometry on the hydrodynamic focusing. The relative sheath and sample flow rate is kept constant ͑10:1͒ to achieve reasonable flow focusing and the location of the inner nozzle is fixed for all cases. Table 2 shows the width of the focused stream for three cases. It has been found that the focusing effect becomes prominent as outer nozzle is shorten. For the third case ͑L c ϭ2 mm͒, the width of the focused stream can be scaled to 7.8 m at the exit of the outer nozzle. The data indicate that appropriate design of the outer nozzle could appreciably improve the performance of hydrodynamic focusing. It also implies that one can achieve effective hydrodynamic focusing in a very short length.
Locations of the Inner Nozzle.
The location of the inner nozzle for sample flow injection could also play an important role on hydrodynamic focusing. Three cases corresponding to three different locations of the inner nozzle in Table 3 are calculated for demonstration. It shows that the width of the focused stream is a strong function of the locations of the inner nozzle. While the exit of the inner nozzle is aligned with the inlet of the outer nozzle ͑case 1͒, the width of the focused stream is 42.3 m at the exit of the outer nozzle. Furthermore, the width can be scaled down to 7.8 m while inner nozzle is moved to the middle of the outer nozzle. However, it becomes larger ͑47.9 m͒ as the inner nozzle is moved toward further downstream location.
Relative Sheath and Sample Flow Rate.
The relative sheath and sample flow rate is another important parameter for operation of the flow cytometer. Equation ͑11͒ indicates that the width of the focused stream decreases as the relative sheath and sample flow rate increases. Figure 9 shows the variation of the width of the focused stream along with axial location for flows with different relative flow rate ratios. The trend is consistent with results predicted by Eq. ͑11͒. For the case with a relative flow rate ratio of 10, the focused width could be scaled down to 10 percent of the original width at a distance less than 300 m. Figure 10 represents the variation of the width of the focused stream along with the relative flow rate while measured at the exit of the micro flow cytometer. It shows that the width of the focused stream is inversely proportional to relative sheath and sample flow rate. The width of the focused stream can be scaled down to 7.4 m, while the flow rate ratio reaches 10. It shows that the width of the focused stream is  a strong function of the locations of the inner nozzle. The parameter x is the location of the inner nozzle, which is Transactions of the ASME Another important issue for hydrodynamic focusing inside a flow cytometer is the length it takes to reach a focused stream. One would like to design a micro flow cytometer inside a smaller area such that the cost of the chip can be reduced. In this study, a ''focused length'' is defined as the length of which focused stream reaches 10 percent of the width at the exit of the inner nozzle. Figure 11 shows the variation of the focused length along with the relative sheath and sample flow rates. As expected, larger relative sheath and sample flow rates achieve shorter focused length. The focused length can be as short as 20 m for a relative flow rate of 10.
Experimental Section
A micromachine-based flow cytometer has been fabricated using techniques described in the previous section. The flow cytometer has the same geometry as shown in Fig. 2 . According to numerical simulation, one can best obtain hydrodynamic focusing of the center flow while the inner nozzle is placed at the middle location of the outer nozzle. Therefore, only this geometry has been chosen for hydrodynamic tests. Hydrodynamic focusing was investigated with water sheath flows and a dye-containing sample flow under a microscope. An image processing system, consisting of a high-resolution CCD video camera, an image interface card and a PC, was used for image acquisition.
The sheath and sample flows are injected from inlets by syringe pumps. The velocity of the sample flow is fixed at 0.02 mm/s and the sheath flow velocity ranges from 0.05 mm/s-1.4 mm/s, resulting in a relative sheath and sample flow rate of 2.5-70. A stable focused sample stream could be formed while an appropriate relative sheath and sample flow rate is applied ͑Fig. 12͒. As the flow rate of the sheath flow increases, the width of the focused sample stream is reduced accordingly. Figure 13 represents the variation of the width of the sample stream along with the relative sheath and sample flow rates. It showed that the width of the center flow could be scaled to the size of a cell. For example, as the relative sheath and sample flow rate reaches 25, the width of the focused stream is about 10 m. The width can be even scaled down to 3 m while the relative sheath and sample flow rate reaches 70. The value is suitable for single cell sorting and counting application since the size of a red blood cell is on the same order.
It is noted that experimental data are higher than numerical results. In the present study, only two-dimensional flow is considered for numerical solvers. However, the flow inside the micro flow cytometer is truly three-dimensional in nature. It is speculated that the discrepancy comes from three-dimensional effect. Table 4 shows two cases considering 2-D and 3-D situations simulated by the same numerical solver. The width of the focused stream is higher in 3-D case ͑23.2 m͒ than in 2-D case ͑7.5 m͒. One possible reason is stated as follows: Since the depth of the channel is only 40 m, the center flow cannot be constrained efficiently such that it will take longer length to achieve effective focusing. Besides, viscous forces on the upper and lower walls will also impose an adverse effect on hydrodynamic focusing. As a result, one can expect that experimental data are higher than numerical results. It also implies that micro flow cytometers with a higher aspect ratio could have better flow focusing effect.
The width of the focused stream calculated from Eq. ͑11͒ was also plotted on Fig. 13 for comparison. It is noted that experimental data are reasonably accordant with theoretical results predicted Similarly, using the same definition of ''focused length'' as shown in the previous section, one can obtain experimental data for focused length. Figure 14 shows the variation of the focused length along with the relative sheath and sample flow rates. As expected, larger relative sheath and sample flow rates achieves shorter focused length.
Conclusions
The working principle of the flow cytometer is the hydrodynamic focusing effect of a center flow, surrounded by two sheath flows. The width of the center cell flow will be decreased hydrodynamically such that only one cell is allowed to be located at the center region and ready for detection and sorting. In this study, the hydrodynamic focusing phenomenon is first investigated by employing potential flow theory. A theoretical model for prediction of the focused cell stream is proposed. Then the flow field inside the flow cytometer is simulated numerically. The effect of the device geometry and inlet velocities of the flow on the focusing of the center flow is explored systematically.
At last, a micromachine-based flow chamber is designed and fabricated on plastic substrates as a micro flow cytometer. Hydrodynamic focusing is verified with the use of microscopic visualization of water sheath flows and dye-containing sample flow. The width and length of the focused stream is measured. Experimental data indicate that the size of focused sample stream can be reduced to less than 10 m, which is applicable to cell sorting and counting.
Efforts from this work will enable us to develop key technologies for the development of microfluidic chips capable of cell sorting and counting. Based on the results from the study, one will explore the possibility to apply the chips on the related fields, such as -TAS, clinical hematology and oncology.
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Nomenclature
A ϭ area in the reservoir a ϭ area inside a tube D 1 ϭ width of the inlet channel 1 in the inlet section before focusing D 2 ϭ width of the inlet channel 2 in the inlet section before focusing D 3 ϭ width of the inlet channel 3 in the inlet section before focusing D a ϭ width of the channel in the outlet section d ϭ width of the focused stream d 0 ϭ width of the focused stream measured at the exit of the inner nozzle d 1 ϭ width of the focused stream measured at the end of convergent part of the outer nozzle d 2 ϭ width of the focused stream measured at the exit of the flow cytometer L ϭ length of sample inlet section L 1 ϭ length of the sample outlet section L c ϭ total length of the convergent part L m ϭ length at inversion point of the convergent part l ϭ axial coordinate of the convergent part p ϭ pressure R ϭ radius of the tube r ϭ radial coordinate of the convergent part r 1 ϭ half width of the convergent part at starting location r 2 ϭ half width of the convergent part at ending location s ϭ distance from the inlet to the tube V A ϭ velocity at point A x ϭ axial coordinate ϭ velocity at the inlet of the tub a ϭ average velocity in the outlet section c ϭ velocity of the focused stream 1 ϭ velocity inside the first channel 2 ϭ velocity inside the second ͑center͒ channel 3 ϭ velcoity inside the third channel ṁ in ϭ mass flow rate of the inlet flow ṁ out ϭ mass flow rate of the outlet flow ϭ denisty of the fluid i j ϭ shear stress tensor Transactions of the ASME
